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EP 0 889 949 B1

Description

Field of the invention

s [0001 ] The present invention relates to the control of fed-batch or continuous fermentation processes. In fermentation

processes where a maximum biomass yield is required or the build-up of acids such as acetic acid might become toxic

or may be detrimental to the product, the presence of such acids is undesirable.

Background and prior art

10

[0002] Correct control of medium addition rate to fermentation processes where accumulation of metabolites is to

be prevented is a primary objective. Some microorganisms produce undesirable metabolites when fed at too high a

medium addition rate. Examples are Bakers' yeast and Escherichia coli (De Deken, 1 966; Doelle, 1 981 ). Bakers' yeast

will produce fermentation products such as ethanol and acetate when too much sugar is added (Fiechter ef a/f 1 981 ).

is During the production of Bakers' yeast this will cause a loss of cell and product yield (Fiechter et at, 1 981 ). The bacterium

E. coli will produce acids such as acetic acid at sugar excess (Doelle, 1981). Also when microorganisms are used for

the production of heterologous products the formation of these metabolites is undesirable, especially when these have

a toxic or inhibitory effect. Acetate, ethanol and organic acids in genera! can be toxic to cell metabolism (Moon, 1983;

Pampulha & Loureiro-Dias, 1989). This will become particularly apparentwhen growing mutant strains, which are often

20 less robust than the wild-type strain. Therefore, good control of the feed addition rate to a fed-batch or continuous

fermentation process is desirable.

[0003] Many ways of on-line computer control are possible. For example COz evolution rates and 02 consumption

rates are often analysed on-line to calculate the so-called Respiratory Quotient (RQ) (Wang et al, 1977). The RQ is

theC02 evolution rate divided by the02 consumption rate. Under sugar-limited conditions the RQ will be approximately

25 1 0 to 1 -1 , the exact value depending on the strain. However, when a culture of Bakers' yeast is fed at too high a sugar

addition rate ethanol will be produced and the RQ values in that case will then be significantly higher than 1-1 (Wang

et a/, 1977; Fiechter et a/, 1981). This then can be used to change the feed rate such that the RQ decreases (Wang

efa/, 1977).

[0004] EP 283 726 (Hitachi) and Turner et al (1 994) disclose the control of fermentations by monitoring acetate levels,

30 but the control was achieved by sampling the medium and using HPLC or similar discontinuous methods. HPLC has

also been used to measure glucose levels in order to control acetate accumulation (Sakamoto et al, 1 994).

'[0005] The problem which is solved by the present invention is to provide an alternative and improved method of

controlling such fermentations.

[0006] One aspect of the present invention provides a process of culturing a microorganism in a culture medium in

35 which process the addition of feed medium is controlled by using the production of a by-product as a measure of the

culture conditions, characterised in that the by-product is an undesirable electrically charged metabolite produced by

the microorganism, and in that the production of the metabolite is monitored by measuring the conductance of the

culture medium.

[0007] The evolution of electrically charged metabolites has not been used previously to control the addition of feed

40 medium. RQ, for example, is 1 (one) when acetate is produced in a sugar fermentation, so RQ measurement is not

useful, as this RQ value is near that obtained during sugar-limited growth. Electrical conductivity has been used to

measure the formation of relatively large amounts of desired organic acids such as lactate in yogurt cultures and other

lactobacillus fermentations (Latrille efa/, 1992; Belfares efa/, 1993), acetic acid production (SU-A-1 495 367) and for

the control of salt content of fermentation cultures (Soyez et al> 1 983). In the latter case, inorganic salts were added

45 to the medium, and the technique simply measured those artificially added salts in order to maintain a desired salt

concentration. Conductivity has also been used to measure cell density (JP-A-2 109 973). Conductivity has not been

used to prevent and overcome the accumulation of undesirable acids such as acetate, of which even small amounts

are indicative of the fermentation going awry. We have discovered that where the formation of organic acids such as

acetate is undesirable, an increase in electrical conductivity can be measured on-line and used for a feed-back system

so to control the feed rate in a similar way as the RQ can be used. In this invention it is shown that Increases in an on-

line electrical conductivity signal during a fermentation process are sufficiently indicative of the formation of undesirable

acids to be used to correct the feed addition rate in order to prevent and overcome accumulation of these acids. Hence,

although for many years it has been known to measure (in an off-line biochemical assay) the production of acetate in

order to see whether the fermentation control based on other parameters (eg C02 evolution) is working satisfactorily

55 (see EP 315 944, 1989), nobody had measured acetate evolution electrically to control fermentation.

[0008] Obviously, the microorganism and the fermentation medium should be such that an electrically charged me-

tabolite is potentially produced and the fermentation should be one in which controlling the addition of feed medium is

desirable. Equally, the fermentation should not be one in which an electrically charged product is desired, for example

2
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a lactic acid fermentation. Microorganisms for which the present invention is useful include bacteria such as E. coli or

Bacilliand fungi such as yeasts, for example Saccharomyces spp., especially S. cerevisiae, or filamentous fungi. How-

ever, the invention is in principle applicable also to the culturing of protozoa, plant cells and animal cells, for example

insect cells or mammalian cells such as CHO (Chinese Hamster Ovary) cells.

s [0009] The metabolite is typically an organic acid such as acetate, pyruvate, lactate or a citric acid cycle intermediate

such as citrate, isocitrate, cc-ketoglutarate, succinate, fumarate, malate or oxaloacetate.

[0010] The microorganism may be cultured to produce either biomass, a desired metabolite or a polypeptide which

is native or heterologous to the microorganism. Hence, for example, the microorganism may be a yeast which contains

and expresses a polynucleotide encoding human albumin. Advantageously, the polypeptide is secreted from the yeast

10 into the surrounding medium and recovered therefrom.

[0011] The measurement of the conductivity is very sensitive and can detect acid concentrations as low as 1 mM.

This means that it is a useful alternative, or addition, to the generally accepted use of on-line RQ measurements.

[0012] The control may be achieved by use of a probe, capable of measuring conductivity, inserted in a fermenter

and linking the signal to an on-line computer. A conductivity probe can be very simply inserted in a standard pH probe

is port. A computer algorithm can then calculate the change in conductivity or conductance over a chosen time period.

If the change in conductivity is greaterthan a chosen limit, a reduction in the feed medium addition rate will automatically

be applied by the computer algorithm. This will then promote a co-consumption of the feed substrate and the accumu-

lated metabolites present, and prevent further production thereof. The choice of time period and conductivity change

limit will be dependant on the exact nature of the fermentation process.

20

Detailed description of the invention

[0013] Preferred aspects of the invention will now be described by way of example and with reference to the accom-

panying drawings in which:

25

Figure 1 is a representation of some key parameters during a fed-batch fermentation of a yeast strain producing

recombinant human alburnin.The points at which the feed addition was started and finished are indicated by arrows.

Figure 2 shows parameters for part of a fed-batch fermentation during which, at the indicated time, a deliberate,

30 sudden 20% feed rate increase was applied.

Figure 3 is a similar experiment as shown in Figure 2; however, in this case a 40% step increase was applied to

the feed addition rats.

35 Figure 4 is a simplified flow chart of a typical feed rate control algorithm, using the electrical conductance signal,

that was used in the experiment represented in Figure 5.

Figure 5 is the representation of some parameters in an experiment during which the exponential factor K was set

at 0.1 2 rr1 which is higher than the usual value of 0.07 rr1 for this yeast strain. During the experiment the algorithm

40 using the conductance signal, of which the flow chart is shown in Rgure 4, was active.

Figure 6 shows some parameters of an experiment with the bacterial strain E. coli DH5cc in which the conductance

control algorithm shown in Figure 4 was active. The factor K was set at 0.4 rr1 in this experiment. Normally a factor

0.11 rr1 would be used (Riesenberg ef a/., 1991).

45

Rgure 7 shows some parameters of an experiment with the bacterial strain E. coli DH5a in which the feed rate

was manually increased in three steps (21.3-22.3 h) and then was controlled by a similar algorithm as described

in Figure 4 but modified as described in Example 5.

so Rgure 8 is a schematic representation of a fermenter suitable for use in the process of the invention.

Example 1: The electrical conductance during a normal fed-batch fermentation

[0014] In order to determine the normal trend of the electrical conductance during a fed-batch fermentation (Figure

55 1), we monitored the conductance on a fermentation control computer linked to an Aber Instruments (Aberystwyth,

UK) Biomass Monitor 214A with an Aber Instruments Capacitance probe. The conductance signal was noisy due to

the aeration of the fermenter. Therefore, the conductance had to be electrically filtered using the supplied filter number

2 on the Biomass Monitor 21 4A. As an alternative other conductivity probes and monitors can be used as long as the

3
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signal is adequately filtered to smooth the noisy signal. One such set up can be a Broadley James conductivity probe

(from FT Applikon) linked to an MCD43 monitor (LTH Electronics) which uses a 3 min filter. All data in Figure 1 are

averaged over 1 0 min (due to the data storage limitations of the fermentation control computer).

[0015] The fermentation was performed as described by Clarke ef a/ (1990), which is incorporated by reference.

s Essentially, the fermentation was as follows.

[001 6] The fermentation was based on yeast transformed to express recombinant human albumin (rHA). The cloning

strategy for construction of the yeast was as disclosed in EP 431 880.

[0017] A stock master cell culture in defined liquid medium (Buffered Minimal Medium (BMM) salts medium: Yeast

Nitrogen Base [without amino acids and (NH^SO^ Difco], 1.7g/L; citric acid monohydrate 6.09g/L; anhydrous

io Na2HP04 , 20.1 6g/L; pH 6.5±0.2; (NH^SO^ 5 g/L; sucrose is added to 20g/L) was used to prepare running stocks

(manufacturer's working cell bank) of process yeast suitable for the preparation of shake flask cultures by freezing

aliquots of the cutture in the presence of 20% (w/v) trehalose.

[0018] Shake Flask Culture. The yeast [cir°, pAYE316] was grown as an axenic culture physiologically suited for

inoculation of the seed vessel. If timing of the seed vessel is to be reproducibje, it is necessary to define the phase of

15 growth (primary carbohydrate excess) and inoculum biomass (12 ± 2mg/L which requires a 100 ml inoculum per 10

litres of medium). One stock vial was inoculated into a shake flask containing 100 mL of BMM + 2% (w/v) sucrose and

the flask was incubated at 30°C on an orbital shaker (200rpm revolutions per minutes) until a cell dry weight (cdw) of

0.6-1 ,2g/L (assessed by optical density at 600nm) was obtained. This culture was then used to inoculate a seed fer-

mentation vessel to a level of 1 2 ± 2 mg/L.

20 [0019] Seed Fermentation . The inoculum for the main production fermenter was provided by growing the production

organism, preferably S. cdrevisiae [cir°, pAYE31 6], in a seed fermenter to a high cell dry weight of approx. 100 g/L. A
fed-batch regime was followed so as to minimise the accumulation of ethanol and acetate and thus to maximise cell

yield. The whole of each fermentation was monitored and controlled via a computer control system, such as the Multi-

Fermenter Computer System (MFCS) software available from B. Braun (Germany). The software supplied by B. Braun

25 is a Supervisory Control and Data Acquisition Package; similar packages are available from other companies. The

algorithm is intended to control the addition of sucrose so that maximum biomass is achieved by avoiding the Crabtree

effect, thereby minimising the production of ethanol and/or acetate. The fermentation vessel was subjected to a hot

NaOH wash and pyrogen-free water (PFW) rinse. The heat sterilised vessel contained one volume of sterile MW10
medium (Table 1) batch salts plus trace elements. An alternative medium is given in Table 2. Clearly, the initial con-

30 ductivity will vary according to the constitution of the medium. The medium for rHA production can be ultrafiltered

(10,000 Mol. Wt. cut-off) to remove endotoxins.

TABLE 1

MW10 MEDIUM

Constituents Batch Medium Feed Medium

Salts

KH2P04 2.74g/L 10.9g/L

MgS04.7H20 0.58g/L 2.3g/L

CaCI2.2H20 0.06g/L 0.24g/L

H3PO4 (85% w/w) 0.88ml/L 1.76ml/L

45

50

55

4
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TABLE 1 (continued)

MW10 MEDIUM

Constituents Batch Medium Feed Medium

Vitamins

Ca pantothenate 20mg/L 180mg/L

Nicotinic acid 33.3mg/L 300mg/L

m-lnositol 20mg/L 180mg/L

d-biotin 0.133mg/L 0.8mg/L

Thiamine.HCI 16mg/L 32mg/L

Trace element stock 10ml/L 20ml/L

Sucrose 0* SOOgA.

Trace Element Stock Constituents

ZnS04.7H20 3g/L

FeS04 .
7H20 10g/L

MnS04.
4H20 3.2g/L

CuS04 .
5HzO 0.079g/L

H3BO3 1.5g/L

Kl 0.2g/L

Na2Mo04 . 2H20 0.5g/L

CoC^. 6HzO 0.56g/L

The trace elements were added to demineralised water, acidified with 35ml/L of 98 % H2S04.
* 20g Sucrose/

L was added to the batch medium at the 20L seed fermenter stage. Any convenient method of sterilisation may be

used, as may any depyrogenation method, for example ultrafiltration. The vitamins were always filter sterilised.

35

40

45

50

5
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TABLE 2:

MW11D MEDIUM

Constituents Batch Medium Feed Medium

salts

KH2P04 4.66 g/L 9.54 g/L

MgS04.7H20 0.98 g/L 2.02 g/L

CaCI2.2H20 0.10 g/L 0.21 g/L

H3PO4 (85%w/w) 1.63 g/L 3.33 g/L

Vitamins

Ca pantothenate 68 mg/L 140 mg/L

Nicotinic acid 114 mg/L 233 mg/L

m-lnositol 68 mg/L 140 mg/L

d-biotin 0.34 mg/L 0.70 mg/L

Thiamine.HCI 17.1 mg/L 35 mg/L

Trace element stock 10.2 mL/L 21 mL/L

Sucrose 0* 500 g/L

Trace Element Stock Constituents

ZnS04.7H20 3 g/L

FeS04.7HzO 10 g/L

MnS04.4H20 3.2 g/L

CuS04.5H20 0.079 g/L

Na2Mo04.5H20 0.5 g/L

CoCI2.6H20 0.56 g/L

The trace elements were added to demineral'ised water, acidified with

35ml/L of 98% H2SQ4 .

70

75

20

25

30

* 20g Sucrose/L

depyrogenation i

added to the batch medium at the 20L seed fermenter stage. Any convenient method of sterilisation may be used, as may any

lt for example ultrafiltration. The vitamins were always filter sterilised.

35

40

45

50

55

[0020] After the medium was added to the vessel, the operating temperature of 30°C was set, as well as the minimum

stirrer speed, typically 400-500 rpm. The initial pH was adjusted with ammonia solution (specific gravity 0.901) using

a pH controller set at 5.7 ± 0.2. 2M H2S04 was also used as a pH corrective agent Sucrose to 20 g/L, MW10 batch

vitamins, and Breox FMT30 antifoam to 0.04 g/L are added to the vessel.

[0021 ] Sterile filtered airwas introduced into the vessel at 0.5wm (ie 0.5 litre non-compressed air per litre of medium

per minute), the medium was inoculated to 12 ± 2mg cell dry weight L~1 from an axenic shake flask culture and the

MFCS computer system was initiated. Following completion of the batch phase of growth (signalled by a dissolved

oxygen tension increase of > 15% in 30 min), addition of the feed medium was initiated, under control of the MFCS
system. The control strategy was effectively the same as described below for the production fermenter. During the

fermentation the airflow was increased in two steps in order to maintain a flow of approximately 1 wm. Further Breox

FMT30 was added to a final concentration of 0.3 g/L. The dissolved oxygen tension (DOT) was controlled at 20% air

saturation by changing the stirrer speed. Once the stirrer speed could be increased further and the airflow rate reached

its maximum value, the feed control algorithm (see below) controlled the feed rate such that the DOT did not decrease

below 15 % in order to prevent oxygen limited conditions that, otherwise, would lead to formation of fermentation

products.

[0022] Also RQ was used as a feedback for the feed addition control. The feed rate was reduced every 1 0 min while

RQ £ 1.2. Moreover, a 120 min RQ average (RQAVG12o) was calculated to filter the noisy RQ signal (Goodey et al,

1996). The feed rate was reduced once every two hours by 20% if the value of RQAVG12o £ 1 .13. Due to an expected

high RQ value at the start of a fermentation this RQAVG120 control was not performed during the first 4 hours of the

feed addition phase. At the end of the feed, the culture was transferred to a production vessel.

[0023] Production Fermentation. The production fermenter (Figure 8) was inoculated with the culture grown in the

seed fermenter (see above). The cell dry weight (CDW) concentration in the seed fermenter was normally greater than

80 g/L The CDW concentration in the production fermenter just upon transfer of the seed fermenter culture was

0.25-1 .00 g/L. Although it is preferred to initiate feeding within one hour, it can be delayed if necessary. The feed regime

6
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was intended to minimise the accumulation of ethanol and acetate, so as to maximise the cell and product yield.

[0024] The fermentation was carried out in a fermenter such as that shown in Fig. 8, designed to give optimum gas

dissolution and bulk mixing. The fermenter was equipped with ports for, amongst other things, supplying feed medium,

withdrawing medium at the end of the fermentation and introducing a probe for measuring electrical conductance. The

s vessel, which was subjected to a hot NaOH wash and PFW rinse, contained one volume of sterile MW10 (Table 1),

batch salts and trace elements. This medium may be sterilized independently of the vessel either by heat or filter

sterilisation. It has been found in accordance with the present invention that it is advantageous for the fermentation

medium, such as MW10, to be free of ethylene diamine tetraacetic acid (EDTA), or a salt thereof, since its presence

results in a significantly higher degree of coloured contaminants in the albumin produced.

10 [0025] The operating temperature was set at 30°C, and the stirrer speed regulated to be sufficient to maintain a

homogeneous solution, typically about 50 rpm. The initial pH was adjusted with ammonia solution (SG 0.901 ) (controller

set to 5.7 ± 0.2). 2M H2S04 may be used as a second pH corrective agent. The MW1 0 batch vitamins were added, as

was a suitable antifoam, as required (eg Breox FMT30 to 0.4 g/L). When the feed is started, the RQ over-ride control

was disabled until OUR and CER values are sufficiently high to make control effective; the feed rate was reduced

15 manually during this period if RQ was consistently > 1 .2.

[0026] The pH of the culture was kept constant at 5.5 by automatic addition of 17% (w/v) ammonia. The temperature

was kept at 30°C. Sterile airflow was introduced at 0.5 wrn. During the fermentation the airflow was increased in three

steps in order to maintain a flow of approximately 1 wm. This was measured by a continuous mass spectrometric

analysis (Fisons VG Gas analyser). The fermentation was then run as above. Also the pressure in the fermenter was

20 increased during the fermentation to approximately 0.5 bar g by using a Brooks pressure controller.

[0027] The feed rate was started at a feed rate, FRstart , that was necessary to achieve a growth rate of approximately

0.07 h_1
. Then the feed rate was increased, by computer control, according to the algorithm:

2s
FR = FR^ EXP(K*Counter)

[0028] Where: FR: feed rate (ml.min-1
)

K: the exponential constant which was kept at 0.07 Counter a counter variable started at 0 and was increased by

30 0.01 67 once every min. However, the counter variable was decreased:

a. by 0.01 67 once every min if the dissolved oxygen tension (DOT) was less than 1 5%.

b. by 0.333 once very 10 min while RQ> 1.2.

c. by 0.223/K (resulting in a 20% feed rate reduction) once every two hours while RQAVG120 > 1.13 if the feed

35 addition was started more than 4 h ago.

[0029] The result of such a fermentation is shown in Figure 1. It can be concluded that the conductance trend in

general sloped downwards during the course of the fed-batch fermentation.

40 Example 2: The electrical conductance during a phase where the feed rate was suddenly increased by 20%

[0030] In order to establish the use of the conductance signal in the prevention and correction of acetate accumu-

lation, a deliberate sudden step-increase of feed rate of 20% was applied at some stage in a carbon-limited fed-batch

fermentation similar to the one described in Example 1. The results are shown in Figure 2. It is shown that the con-

45 ductance increased significantly during the period where the over-feed was applied. In fact, the RQ, a parameter often

used in the control of Bakers' yeast production, did not show a significant increase. This shows the usefulness of the

conductance signal because acetate production is undesirable during Bakers
1

yeast production. The increase in con-

ductance correlated with an increase in acetate concentration in the culture as assayed in culture samples. The acetate

was assayed using an enzymatic assay kit No. 148 261 from Boehringer Mannheim.

so

Example 3: The electrical conductance during a phase where the feed rate was suddenly Increased by 40%

[0031] in a similar experiment as shown in Example 2 a sudden 40% feed rate increase was applied (see Figure 3).

The effects were more extreme than in Example 2, as would be expected. Also the RQ increased. However, a value

55 of 1 .2, which typically is used as a level to instigate feed rate reductions (see Example 2), was not reached. This again

shows that conductance is a more sensitive physical control parameter than RQ.

7
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Example 4: The use of a feed rate control algorithm Incorporating electrical conductance

[0032] In Figure 4 a flow diagram is shown representing the feed addition control algorithm that was used in this

Example. The basis was the normal control algorithm as shown in Example 1 . The conditionwhere an airflow or pressure

5 set point increase prevents the conductance feed control to be applied for 1 hour was necessary due to the fact that

airflow and pressure increases will result in a small increase in conductance due to changes in gas holdup volume.

[0033] Moreover, in comparison with Example 1 the following additions were made to the feed rate control algorithm.

The change in conductance (AC in mS) was measured over a time interval of 30 min. If the feed had been started

within the last 1 .5 h no feed back control would result However, after that, in cases where the increase AC was £ 0.1

10 mS over the chosen time interval, an automatic feed rate reduction would result. The actual size of the feed rate

reduction was made dependent on the actual value of AC as follows: FRreduc8d s FR^^, * (1 - AC). No feed rate

reduction would be applied if RQ < 0.95 or if the difference in RQ30 (RQ averaged over 30 min) over a time interval of

20 min: RQ30 - RQ3020 min ago <-0.025. Both these conditions indicate that the yeasts were already co-metabolising

the feed substrate and fermentation products, thus abolishing the need for feed rate reductions.

is [0034] An experiment was carried out where the exponential constant K (see Example 1) was set to 0.12 h*1 which

is so high that production fermentation products would be expected for this yeast strain which was the same as in

Example 1. This was done to test the action of the control algorithm as shown in Figure 4 and explained above. The
results are presented in Figure 5. The Figure shows a steady increase of conductance correlating with an increase in

the acetate concentration. At 2.3 h (batch age) an automatic feed rate reduction was applied. This, however, was not

20 sufficient and another automatic feed rate reduction was applied at 4.5 h (batch age). After that the acetate concen-

tration reduced to 0 mM. Then the acetate concentration increased temporarily at batch age 5 h, whilst the conductance

was decreasing. At the same time an excess of ammonium ions, which will have been added in the period up to 4.5 h

(batch age) for pH control, was probably being consumed as judged by the pH changes in the culture. It is known that

ammonium ions conduct electricity better than acetate ions (Owens, 1 985) which explains the overall decrease of the

25 conductance signal. Again a small peak in acetate concentration occurred at batch age 6 h. In this case the conductance

increase was not enough to invoke a feed rate reduction. However, as judged by the reduction of the acetate concen-

tration after that, further feed rate reductions were not necessary.

Example 5: The use of a feed rate control algorithm incorporating electrical conductance with the bacterial

30 strain E. coli

[0035] The bacterial strain Escherichia coli DH5a was grown in a fermenter using the medium described by Riesen-

berg et a/ (1991). The same control algorithm was used as in Example 4. However, the factor K was set at 0.4 rr1 . In

Figure 6 the result of the action of the control algorithm is illustrated. After a build up of acetate two automatic feed

35 rate reductions resulted in a decrease of acetate from 45 to 5 mM.

[0036] This artificially high challenge to the fermentation showed that the system would work even under extreme

conditions.

Example 6: A further £. coli fermentation

40

[0037] This represents a more realistic (but still artificial) challenge to the equilibrium of a fermentation.

[0038] The bacterial strain E. coli DH5a was grown in a fermenter using the medium described by Riesenberg et al

(1 991). A similar control was used as in Example 4. However, the factor K was set at 0.1 rr1 . This would, under normal

aerobic conditions, not lead to the production of organic anions. Then between the batch age 21 .3-22.3 h (see Figure

45 7) the feed rate was increased manually in three steps. Following this intervention, the conductivity increased and the

feed rate was controlled according to the algorithm described in Figure 4 with the following modifications. A control

step was taken once every 1 0 min (as the conductivity increase was very steep) but the size of the feed rate reduction

was a quarter of that described in Figure 4. Thus the formula for feed rate was FR^,^ =FR^^ (1 -ACM). As shown

in Figure 7 this controlled the fermentation such that the acetate produced was consumed by the cells. This example

so shows that the control algorithms may be optimised for different situations such as different organisms, growth rate

and media types. "Breox" is a trademark.
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Claims

1. A process of culturing a microorganism in a culture medium in which process the addition of feed medium is

30 controlled by using the production of a by-product as a measure of the culture conditions, characterised in that

the by-product is an electrically charged metabolite produced by the microorganism, the formation of which me-

tabolite is undesirable, and in that the production of the metabolite is monitored by measuring the conductance

of the culture medium.

35 2. A process of culturing a microorganism according to Claim 1 , the process comprising the steps of

(i) providing a fermentation vessel adapted to contain a fermentation medium and said microorganism, the

vessel having a first port to allow the supply of feed medium into the vessel, control means to control the rate

of the said introduction of the feed medium, a probe to measure the electrical conductance of the fermentation

40 medium, and a second port to allow removal of the fermentation medium from the vessel,

(ii) introducing said microorganism and fermentation medium into the vessel,

(iii) measuring the electrical conductance of the fermentation medium with said probe at intervals during the

45 course of said culturing process such that said probe generates a series of electrical signals indicative of said

electrical conductance at said intervals, and

(iv) supplying said electrical signals to the said control means to control said supply of feed medium, wherein,

in response to an undesirably high value of the conductance of the medium, the supply of feed medium is

so corrected.

3. A process according to Claim 2 wherein said control means comprises a computer which operates an algorithm,

said algorithm including a comparison between said measured electrical conductance signal and a predetermined

value.

55

4. A process according to Claim 2 wherein said control means comprises a computer which operates an algorithm,

said algorithm including a calculation of a change in conductance over a given period, and a comparison of said

change with a predetermined value.
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5. A process according to any one of the preceding claims wherein the microorganism is a fungus.

6. A process according to Claim 5 wherein the fungus is a yeast.

5 7. A process according to Claim 6 wherein the yeast is a Saccharomyces,

8. A process according to any one of Claims 1 to 4 wherein the microorganism is E. coll

9. A process according to any one of the preceding claims wherein the metabolite is an organic acid.

10

10. A process according to Claim 9 wherein the organic acid is acetic acid.

1 1 . A process according to any one of the preceding claims wherein the microorganism produces a polypeptide which

is heterologous to the microorganism.

15

12. A process according to Claim 11 wherein the polypeptide is human albumin.

13. A process of producing a material by culturing a microorganism which produces the material and then recovering

the material, characterised In that the culturing is performed according to any one of Claims 1 to 12.

20

Patentanspruche

1. Verfahren zum Kultivieren eines Mikroorganismus in einem Kulturmedium, wobei die Zugabe von Nahrmedium
25 unter Verwendung der Produktion eines Nebenprodukts als MaB fur den Kuiturzustand gesteuert wird, dadurch

gekennzeichnet, dass das Nebenprodukt ein elektrisch geladenes Stoffwechselprodukt 1st, das von dem Mikro-

organismus produziert wird, wobei die Bildung des Stoffwechselprodukts unerwunscht ist, und dass die Produktion

des Stoffwechselprodukts durch Messen der Leitfahigkeit des Kulturmediums uberwacht wird.

30 2. Verfahren zum Kultivieren eines Mikroorganismus nach Anspruch 1 , mit den Schritten:

(i) Bereitstellen eines Fermentationsbeharters, der vorgesehen ist, ein Fermentationsmedium und den Mikro-

organismus aufzunehmen, wobei der Behalter einen ersten Anschluss, urn die Zufuhr von dem Nahrmedium
in den Behalter zu erlauben, Steuermittel, urn die Rate des Einfuhrens des Nahrmediums zu steuem, eine

35 Sonde, urn die elektrische Leitfahigkeit des Fermentationsmediums zu messen, und einen zweiten Anschluss,

um die Entfernung des Fermentationsmediums aus dem Behalter zu ermoglichen, aufweist,

(ii) Einfuhren des Mikroorganismus und des Fermentationsmediums in den Behalter,

(iii) Messen der elektrischen Leitfahigkeit des Fermentationsmediums mit der Sonde in Intervallen wahrend
des Veriaufs des Kultivierungsverfahrens, so dass die Sonde eine Reihe von elektrischen Signalen erzeugt,

40 die die elektrische Leitfahigkeit in den Intervallen anzeigt, und

(iv) Zufuhren der elektrischen Signale zu den Steuermitteln, um die Zufuhr des Nahrmediums zu steuem,

wobei als Reaktion auf einen unerwunscht hohen Wert der Leitfahigkeit des Mediums die Zufuhr des Mediums
korrigiert wird.

45 3. Verfahren nach Anspruch 2, wobei die Steuermittel einen Computer aufweisen, der einen Algorithmus ausfuhrt,

wobei der Algorithmus den Vergleich zwischen dem gemessenen elektrischen Leitfahigkeitssignal und einem vor-

gegebenen Wert umfasst.

4. Verfahren nach Anspruch 2, wobei die Steuermittel einen Computer aufweisen, der einen Algorithmus ausfuhrt,

so wobei der Algorithmus eine Berechnung einer Anderung in der Leitfahigkeit uber einen gegebenen Zeitraum und

einen Vergleich der Anderung mit einem vorgegebenen Wert umfasst

5. Verfahren nach einem der vorangehenden Anspruche, wobei der Mikroorganismus ein Pilz ist

55 6. Verfahren nach Anspruch 5, wobei der Pilz eine Hefe ist.

7. Verfahren nach Anspruch 6, wobei die Hefe eine saccharomyces ist
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8. Verfahren nach einem der Anspruche 1 bis 4, wobei der Mikroorganismus E.coli 1st.

9. Verfahren nach einem der vorangehenden Anspruche, wobei das Stoffwechselprodukt eine organische Saure ist.

5 10. Verfahren nach Anspruch 9, wobei die organische Saure Essigsaure ist.

11. Verfahren nach einem der vorangehenden Anspruche, wobei der Mikroorganismus ein Polypeptid erzeugt, das

heterolog zu dem Mikroorganismus ist.

10 12. Verfahren nach Anspruch 11 , wobei das Polypeptid humanes Albumin ist

13. Verfahren zum Herstellen eines Materials durch Kultivieren eines Mikroorganismus, der das Material erzeugt, und

durch anschlieBendes Bergen des Materials, dadurch gekennzeichnet, dass das Kultivieren gemaB einem der

Anspruche 1 bis 12 durchgefuhrt wird.

15

Revendications

1. Procede de culture de micro-organisme dans un milieu de culture dans iequel ('addition de milieu nutritif est regule

20 par la production d'un sous-produit en tant que mesure des conditions de culture, caracterise en ce que le sous-

produit est un metabolite charge en electricity produit par le micro-organisme, la formation duquel metabolite etant

indesirable, et en ce que la production du metabolite est controlee par la mesure de la conductance du milieu de

culture.

25 2. Procede de culture de micro-organisme selon la revendication 1 , le procede comprenant les etapes suivantes

:

(i) fournir un recipient de fermentation adapte a la contenance d'un milieu de fermentation et dudit micro-

organisme, le recipient comprenant un premier orifice pour permettre rapport de milieu nutritifdans le recipient,

des moyens de regulation pour reguler la vitesse de ladite introduction dans le milieu nutritif, une sonde pour

30 mesurer la conductance electrique du milieu de fermentation et un second orifice pour permettre le retrait du

milieu de fermentation du recipient,

(ii) introduire lesdits micro-organisme et milieu de fermentation dans le recipient,

35 (iii) mesurer la conductance electrique du milieu de fermentation avec ladite sonde pendant le deroulement

dudit processus de culture, a intervailes, de facon telle que la sonde genere une serie de signaux §lectriques

indiquant ladite conductance electrique aux dits intervailes et

(iv) envoyer lesdits signaux electriques aux dits moyens afin de reguler ladite alimentation du milieu nutritif

40 dans Iequel, en reponse a une valeur elevee non desirable de la conductance du milieu, ('alimentation du

milieu nutritif est rectified.

3. Proced6 selon la revendication 2, dans Iequel lesdits moyens de regulation comprennent un ordinateur utilisant

un algorithme, ledit algorithme comprenant une comparaison entre ledit signal de conductance electrique mesure
45 et une valeur predeterminee.

4. Proc§de selon la revendication 2, dans Iequel les moyens de regulation comprennent un ordinateur utilisant un

algorithme, ledit algorithme comprenant un calcul de conversion de la conductance sur une periode donnee, et

une comparaison entre ladite conversion et une valeur predeterminee.

so

5. Procede selon Tune quelconque des revendications prec£dentes dans Iequel le micro-organisme est un champi-

gnon.

6. Procede selon la revendication 5, dans Iequel !e champignon est une levure.

55

7. Procedd selon la revendication 6 dans Iequel, la levure est une Saccharomyces.

8. ProcedS selon Tune quelconque des revendications 1 a 4, dans Iequel le micro-organisme est E.coli.

11
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9. Procede selon Pune quelconque des revendications precedentes, dans lequet le metabolite est un acide organique.

10. Precede selon la revindication 9, dans lequel Pacide organique est de I'acide acetique.

5 11. Precede selon Tune quelconque des revendications precedentes, dans lequel le micro-organisme produit un po-

lypeptide qui est heterologue du micro-organisme.

12. Procede selon la revendication 11 dans lequel le polypeptide est de Palbumine humaine.

10 13. Procede de production d'un materiau par culture d'un micro-organisme produisant le materiau, puis recuperant le

materiau, caracterise en ce que la culture est effectuee selon Tune quelconque des revendications 1 a 12.

25

35

40

45

50

55
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Figure 1
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SIMPLIFIED FLOW DIAGRAM OF FEED CONTROL ALGORITHM (15 s cycle)

FR = FR(l=0) • EXP (K* Counter)

Decrease FRft RQ>=1 2. ROAVG>*1.13 orOOT«*1S%

Figure 4
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